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ULTRA-REFRACTORY MATERIAL THAT IS
STABLE IN A WET ENVIRONMENT, AND
PROCESS FOR MANUFACTURING SAME

BACKGROUND OF THE INVENTION

The invention relates to making an ultra-refractory mate-
rial that withstands high temperatures in an oxidizing
medium, in particular in the presence of air, of water vapor,
and more generally in the presence of any gaseous or liquid
phase containing oxygen or an oxygen compound.

The invention relates in particular to making refractory
material parts that are suitable for constituting protection that
withstands an oxidizing medium at high temperature.

The invention also relates to protecting thermostructural
composite materials made up of fiber reinforcement densified
by a matrix against high temperatures in an oxidizing
medium. More particularly, but not exclusively, the invention
relates to thermostructural composite materials containing
carbon and/or silicon carbide (SiC), such as carbon/carbon
(C/C) composite materials that are constituted by carbon fiber
reinforcement densified by a carbon matrix, and to ceramic
matrix composite materials in which the fibers and/or the
matrix contain SiC.

The invention also relates to protecting monolithic mate-
rials based on carbon (e.g. graphite) or on SiC-based ceramic
against high temperatures.

Thermostructural composite materials are characterized
by their mechanical properties that make them suitable for
constituting structural parts, and by their ability to conserve
those mechanical properties at high temperatures. Neverthe-
less, when they contain carbon, composite materials present
the major drawback of oxidizing as from 400° C. in air or in
an oxidizing medium and of losing their thermostructural
properties in part.

Furthermore, with monolithic ceramic materials or com-
posite materials comprising SiC, the SiC oxidizes in two
modes. The first mode corresponds to so-called “passive”
oxidation, which occurs under a high partial pressure of oxy-
gen and at a temperature that is relatively low, the SiC then
becoming covered in a layer of silica. The second mode,
known as “active oxidation”, occurs when the SiC is raised to
very high temperature under a low partial pressure of oxygen,
the SiC then being consumed rapidly since all of the oxides
that are formed are in the gaseous state.

With C/C composite materials, it is known to use protective
layers made up of ultra-refractory single-layer deposits based
on hafnium diboride (HfB,) or of zirconium diboride (ZrB,).
Among the various systems fabricated by mixing (Zr/Hf)B,
and SiC, one of the most widely-used is that comprising 20%
by volume SiC (giving an atomic ratio (Zr or Hf)/Si=2.7),
possibly with additives (RE,O; preferably up to 3% by vol-
ume (where RE designates a rare earth comprising yttrium
(Y) and the lanthanides), or REB,, MoSi,, or AN preferably
at 10% by volume), or a mixture of those compositions.

Nevertheless, that type of protection material presents two
drawbacks, namely:

a coefficient of thermal expansion that is too great relative
to that to the C/C material, thereby leading to cracks appear-
ing in the ultra-refractory layer and to loss of cohesion along
the interface between the C/C material and the layer. The
cracks created in this way then become paths for diffusing
oxygen and water (if any is present in the environment in use),
thereby leading to the C/C substrate being oxidized and hav-
ing its mechanical properties weakened or even lost; and

poor resistance to oxidation at temperatures higher than
2300° C.
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In order to mitigate the first above-mentioned drawback, an
underlayer based on SiC alone has been introduced between
the C/C substrate and the ultra-refractory layer so as to pro-
vide a layer for matching coefficients of thermal expansion.
Nevertheless, that solution is not considered as being suffi-
ciently satisfactory since, depending on utilization condi-
tions, SiC oxidizes either passively by becoming covered in a
layer of silica which interacts with the ultra-refractory layer,
or else actively, which leads to pores being formed in the SiC
layer, or even to loss of cohesion.

The documents “High temperature oxidation-resistant
hafnium-tantalum alloys” by K. Marnoch, J. Metais 1225
(1965) and “Oxidation of refractory metallic coatings on
carbon fibers heated up to 1850° C.” by A.-S. Andréani et al.,
ICMCTF No. 37, San Diego, 2010, Vol. 205, No. 5 (482 p.)
pp- 1262-1267, propose using alloys of hatnium (Hf) and of
tantalum (Ta) or HfC—Ta, Hf—TaB,, or Hf~—TaC mixed
compositions in order to improve the oxidation resistance of
ultra-refractory systems. Although those systems give results
that are satisfactory in air, they cannot be used in the presence
of' water or water vapor because of the great instability of the
metals Hf and Ta, since these metals generate explosive
vapors in the presence of water.

Although such compositions do indeed resist oxidation in
air at temperatures higher than 2000° C., they cannot be used
in the presence of water because the metallic materials Hf and
Ta are unstable in the presence of water. That drawback limits
the field of utilization of such compositions by excluding
applications that involve atmospheres containing water. Fur-
thermore, certain techniques for preparing materials, such as
for example a liquid technique in which an aqueous solvent
might be used, likewise cannot be used. Finally, they give rise
to a problem of storing them in powder form since it is
necessary to guarantee that they are stored with no moisture.

There thus exists a need for a protection material that
resists oxidation at temperatures higher than 2000° C., and in
particular in the presence of a wet environment (water
present).

This applies in particular to components for rocket engines
or for aeroengines of the turbojet type in which the water
vapor and the carbon dioxide that are produced and ejected
through the nozzle create an environment that is wet and
oxidizing. This protection problem also occurs for vehicle
heat shields for re-entry into the atmosphere.

OBIJECT AND SUMMARY OF THE INVENTION

An object of the invention is to provide a refractory mate-
rial that withstands high temperatures, and in particular that
withstands oxidation at temperatures higher than or equal to
2000° C., under pressure conditions going from very low
pressure (=1 pascal (Pa)) up to higher values (>30 megapas-
cals (MPa)) and in environments that in particular involve the
presence of water.

This object is achieved by a refractory material that with-
stands high temperatures in an oxidizing medium, the mate-
rial being characterized in that it contains at least a hafnium
boride and a tantalum boride, hafhium and tantalum being
present in said material exclusively in compound form.

Such a material constitutes a protection system that is
suitable for conserving its ultra-refractory nature and its
chemical stability regardless of the intended conditions of
utilization and in particular in the presence of water. By using
hafnium and tantalum in the form of compounds or deriva-
tives rather than in metallic form, any risk of violent reactions
that might occur in the presence of water when those elements
are present in metallic form are avoided.
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In addition, by using hafnium and tantalum borides, the
composition contains boron, which serves to increase the
utlrarefractory nature of the material while providing a first
healing phase at about 1700° C.

In a first aspect of the material, it also contains at least one
of'the elements selected from: carbon and nitrogen. Introduc-
ing carbon or nitrogen makes it possible to increase the ultra-
refractory nature of the material, thus making it possible to
use it at temperatures that are even higher.

Under oxidation conditions at ultra high temperature, the
presence of boron, of carbon, or of nitrogen gives rise to the
production of gaseous compounds only such as CO, CO,,
B,0;, or NOx, and they are not harmful to the stability of the
solid or liquid phases formed during utilization.

In a second aspect of the material of the invention, the
atomic ratio of hafnium to tantalum is strictly greater than 1
and less than 10 (1<ng,/nz,<10), preferably with a ratio n,;/
ng,=2.7, while the atomic ratio of boron to tantalum is greater
than or equal to 5.4 (ng/n,,<5.4).

In a third aspect of the material of the invention, it prefer-
ably contains:

50% by volume HiB,;

75% by volume HfC; and

25% by volume TaB,.

The invention also provides a refractory part that with-
stands high temperatures in an oxidizing medium, the part
being characterized in that it is constituted by a refractory
material of the invention.

The invention also provides a part comprising a substrate
made of a determined material suitable for being used at
temperatures higher than 2000° C., said part being provided
with a protective coating that provides protection at high
temperatures in an oxidizing medium, the part being charac-
terized in that said protective coating is constituted by a
refractory material of the invention. The part may in particu-
lar be intended for applications in valves, propulsion, and
atmosphere re-entry, or indeed in solar applications.

The substrate of the part may be made in particular out of:

a monolithic ceramic material based on silicon carbide;

a monolithic material based on carbon (e.g. graphite);

a ceramic matrix composite material comprising silicon
carbide; or

an optionally pretreated C/C composite material.

For a substrate made of C/C composite material, the part
may further include a layer of silicon carbide close to the C/C
material of the substrate and a layer of zirconium carbide or of
hafnium carbide interposed between the layer of silicon car-
bide and the protective coating. A double bonding layer is
thus formed that serves to accommodate thermomechanical
stresses between the material of the substrate and the protec-
tive coating depending on the thicknesses of the layers used.

The presence of SiC in the substrate of the part or in the
layers underlying the protective coating does not give rise to
problems since the protective coating of the invention forms
an effective barrier that prevents oxygen from reaching the
SiC present in the part.

The invention also provides a method of making a part out
of refractory material that withstands high temperatures in an
oxidizing medium, the method being characterized in that it
comprises:

making a composition containing at least a hafnium boride
and a tantalum boride, hatnium and tantalum being present in
said composition exclusively in compound form; and

shaping the composition and densifying said composition.

The invention also provides a method of making of making
a protective layer that withstands high temperatures in an
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oxidizing medium on a part comprising a substrate made of a
determined material, said method comprising:

applying on the part a composition containing at least a
hafnium boride and a tantalum boride, hafnium and tantalum
being present in said composition exclusively in compound
form; and

densifying said composition.

In a first aspect of the method of the invention, the compo-
sition also contains at least one of the elements selected from:
carbon and nitrogen.

In a second aspect of the method of the invention, the
substrate of the part may in particular be made:

a monolithic ceramic material based on silicon carbide;

a monolithic material based on carbon (e.g. graphite);

a ceramic matrix composite material comprising silicon
carbide; or

an optionally pretreated C/C composite material.

For a substrate made of C/C composite material, the part
may further include a layer of silicon carbide close to the C/C
material of the substrate and a layer of zirconium carbide or of
hafnium carbide interposed between the layer of silicon car-
bide and the protective coating. A double bonding layer is
thus formed that serves to accommodate thermomechanical
stresses between the material of the substrate and the protec-
tive coating depending on the thicknesses of the layers used.

BRIEF DESCRIPTION OF THE DRAWING

Other characteristics and advantages of the invention
appear from the following description of particular embodi-
ments of the invention given as non-limiting embodiments
and with reference to the accompanying drawing, in which:

FIG.1is a photograph showing a fragmentary section view
of'a C/C composite testpiece covered in a protection material
of the invention after the testpiece was exposed to a high
temperature thermal flux in a corrosive medium; and

FIG. 2 is a photograph showing a fragmentary section view
prior to corrosion of a multilayer material comprising a C/C
composite substrate with respective layers of SiC and ZrC on
its surface, the substrate being coated in a layer of protection
material of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

The invention proposes a novel ultra-refractory material
suitable for withstanding temperatures higher than 2000° C.,
and more particularly higher than 2300° C., in an oxidizing
medium, and in particular a wet environment involving the
presence of oxygen and of water vapor.

The material of the invention may be used to form refrac-
tory parts for use under such conditions, such as for example
heat shields for enabling vehicles to re-enter the atmosphere.
The material of the invention may also be used as a protective
coating for substrates of parts that are to be exposed to high
temperatures (greater than 2300° C.) in an oxidizing medium,
in particular the throats of rocket engine nozzles or portions of
aeroengines, in particular of the turbojet type.

The substrate of the part may be made of a thermostructural
composite material containing at least some carbon, such as
for example C/C composites, which in known manner com-
prise a material made up of carbon fiber reinforcement den-
sified by a carbon matrix. The substrate may also be made
using a ceramic matrix composite (CMC) thermostructural
material which, in this example, corresponds to a material
made of carbon or SiC fiber reinforcement densified by a
matrix comprising SiC at least in part, such as for example the
following composite materials:
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C—C/SiC corresponding to a material made up of carbon
fiber reinforcement and densified by a matrix having a carbon
phase and a silicon carbide phase;

C—SiC corresponding to a material made up of carbon
fiber reinforcement densified by a matrix of silica carbide;
and

SiC/SiC corresponding to a material made up of silicon
carbide fiber reinforcement densified by a matrix of silicon
carbide.

With a CMC substrate, the substrate is preferably
machined and does not include a seal-coat type coating layer.

The material of the invention may also be used as a pro-
tective coating for parts comprising a monolithic ceramic
substrate based on SiC or a monolithic substrate based on
carbon (graphite).

The ultra-refractory material of the invention contains at
least two constituents, namely a hafnium compound and a
tantalum compound.

In the material of the invention, hafnium and tantalum are
present exclusively in the form of compounds or of deriva-
tives. The material of the invention does not contain hafhium
or tantalum in elemental form, which is said to be “metallic”,
since that form is very unstable in the presence of water.

Hafnium and tantalum compounds are present in the mate-
rial of the invention in non-oxide form so that the ultra-
refractory protection material of the invention forms an initial
non-oxide system. Thus, prior to being used in an oxidizing
medium at high temperature, the material of the invention
does not contain any oxides that have already been formed,
oxides being generated solely during utilization. Oxides that
are formed initially, i.e. oxides that are already present in a
material while it is being prepared, generally present a coef-
ficient of expansion that is high and thermal conductivity that
is low, and consequently they are sensitive to thermal shocks.
While a material that initially includes such oxides is in use,
the temperature rise of the material leads to thermal shocks
involving those oxides, which can lead to the material crack-
ing and/or spalling. With the material of the invention, such a
drawback is avoided since oxides are formed only as the
temperature is rising while the material is in use in an oxidiz-
ing medium.

While it is in utilization, i.e. in an oxidizing medium over
temperature ranges that may go from several hundreds of
degrees Celsius to more than 2300° C., the constituents of the
system of the material act on their own or together to form
protective oxides that enable the part or the protective coating
constituted by the material of the invention to conserve
mechanical integrity and a refractory nature.

Hafnium and tantalum are selected because they corre-
spond to very good basic constituents for the system formed
by the material of the invention, in particular because of their
high resistance to thermal shocks and their capacity to form
an effective barrier against oxygen at high temperatures.

Tantalum does not suffer active oxidation, and the oxide it
forms is more stable than B,O; or Si0O,. Tantalum oxide also
provides a liquid phase that is stable and that limits diffusion
of oxygen and water within the material. Hafnium oxide
remains solid and stable at high temperature and thus makes
it possible to prevent the liquid phase being blown away by
any surrounding stream (e.g. high speed combustion streams
flowing in a nozzle).

Hafnium and tantalum are preferably present in the mate-
rial of the invention in boride form. Under certain circum-
stances, they may also be present in carbide and nitride form.

The material of the invention may thus also include one or
more of the following elements: carbon and nitrogen.
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The atomic ratio of hafhium to tantalum is strictly greater
than 1 and less than 10 (1<ng/n,<10), and preferably the
ratio ng/n,,=2.7, while the atomic ratio of boron to tantalum
is greater than or equal to 5.4 (ng/n,,=5.4).

In a non-limiting example, the ultra-refractory material of
the invention may be constituted by:

50% by volume HfB,;

25% by volume HfC; and

25% by volume TaB,.

Thus, the composition of the invention preferably contains
boron that serves to provide first healing at about 1700° C. As
mentioned above, the boron is provided in the composition in
the form of hafnium and tantalum compounds. In the present
invention, boron should not be provided in the form of nickel
or iron boride since those metallic elements diminish the
refractory nature of the composition.

In addition, the composition of the invention does not
contain silicon so as to avoid the problems of active oxidation
of'silicon-based compounds of high levels of volatilization of
Si0, formed by oxidation.

The material of the invention may in particular be made
using a composition comprising a mixture of powders of at
least two of the above-described constituents.

After being shaped, e.g. by cold compacting in a mold
(pelleting), the powder mixture is densified by spark plasma
sintering (SPS). SPS is a process similar to conventional hot
pressing, which could also be used for densifying the shaped
composition. SPS consists in heat treatment under pressure
with an electric current being passed that enables the part to
be consolidated by forming bonds between grains without the
grains melting completely. Such welding performed by dif-
fusion of material is accompanied by densification, i.e. a
reduction in porosity and hardening that imparts cohesion to
the shaped object.

The composition shaped to have the shape of the part that
is to be made is inserted into an enclosure that enables uni-
axial pressure to be applied during sintering. A device for
performing this SPS is sold in particular by the supplier
Sumitomo Electric Industries and it serves to subject the
sample to (3.3 millisecond (ms)) pulses of direct electric
current (typically in the range 0 to 10 volts (V) and in the
range 1 kiloamp (kA) to 5 kA) while applying a pressure of
several tens of MPa (up to 150 MPa) with this taking place in
a temperature range varying from ambient temperature up to
2000° C. SPS is generally performed under a vacuum, but it is
also possibleto work in an inert atmosphere (nitrogen, argon).

The same sintering cycle may be used as a reference for
SPS densitying various refractory material compositions of
the invention, with only the final sintering temperature being
modified as a function of the refractory nature of the constitu-
ents to be sintered.

The temperature parameters selected for the sintering cycle
may for example be: a rise to 600° C. in 3 minutes (min),
followed by a rise to the sintering temperature of 1600° C. at
arate of 100° C./min, followed by a pause at that temperature
for 5 min, and finally a drop to 600° C. in 30 min, and then
stopping heating.

During the cycle, a pressure of 40 MPa is applied progres-
sively from the beginning of the temperature rise to 600° C. in
order to close most of the remaining pores and avoid non-
uniform densification in the material after sintering. Thus,
from the beginning of sintering, it is possible to obtain mate-
rial that is dense overall, in which contact between grains is
optimized.

The controlled cooling enables residual stresses of thermal
origin to relax and avoids cracks and microcracks being
present in the material.
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The molds or the pistons used are made of graphite and
they are separated from the composition in the form of com-
pacted powder by a sheet of graphite in order to avoid any
adhesive bonding.

When making a protective coating by SPS around a part
that comprises a substrate of thermostructural composite
material (e.g. of C/C or of CMC) or of monolithic SiC, the
substrate of the part is placed in the sintering mold on a bed of
powder (corresponding to the powder mixture of the constitu-
ents making up the material of the invention), and is then
covered in the same powder so as to be completely at the
center of the part formed by SPS. Nevertheless, if so desired,
only a portion of the surface of the substrate of the part need
be covered by the material of the invention, e.g. when only a
portion of the surface needs to be protected.

The monolithic parts and the protective coatings of refrac-
tory material that withstand high temperatures in an oxidizing
medium of the invention may also be made by:

standard sintering;

plasma sputtering;

hot pressing;

physical vapor deposition (PVD);

by using a slip; or

by immersion.

For a part comprising a substrate made of C/C composite
material, a layer of SiC and a layer of ZrC of HfC can be
formed between the substrate and the ultra-refractory coat-
ing, the layer of SiC being formed close to the C/C composite
material of the substrate of said part and the layer of ZrC or of
HfC being interposed between the layer of SiC and the pro-
tective coating.

The layers of SiC and of ZrC or of HfC may be formed
using a slip. The layers of SiC and of ZrC or of HfC may also
be formed by impregnating the C/C material of the substrate
of the part with a molten reactive composition containing at
least silicon in the range 5% to two-thirds in atomic percent-
age or proportion, and at least zirconium in the range one-
third to 95% as described in document WO 2009/081006, the
content of which is incorporated herein by reference. The
silicon and the zirconium react with the carbon of the material
treated at a temperature higher than the melting temperature
of the metal. This enables a single operation to form two
carbide phases with a first phase of SiC on the carbon of the
substrate followed by a second phase of ZrC or of HfC on the
layer of SiC.

When protecting a composition material, it is possible to
anchor the ultra-refractory protective coating of the invention
in the composite material or in layers of SiC and of ZrC or
HfC by performing said coating by immersion, by using a
slip, or by suction submicronic powder (SSP).

In order to verify the effectiveness of a refractory material
of'the invention, tests have been performed on samples of C/C
composite material.

The photograph of FIG. 1 shows the results obtained on a
substrate 10 of C/C composite material covered in a protec-
tive layer 20 containing 50% by volume H{B,, 25% by vol-
ume HfC, and 25% by volume TaB,. The testpiece as consti-
tuted in this way was exposed to thermal flux at 2200° C. in a
corrosive atmosphere. It can be seen that only a top portion
20a of the protective layer 20 was oxidized, the underlying
portion 205 remaining intact. The C/C substrate 10 was con-
sequently fully protected.

The photograph of FIG. 2 shows a multilayer material
obtained from a substrate 30 of C/C composite material hav-
ing an SiC phase 31 and a ZrC phase 32 on its surface, said
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substrate also being covered in a protective layer 40 contain-
ing 50% by volume HfB,, 25% by volume HfC, and 25% by
volume TaB,.

The table given below shows the shrinkage speeds as mea-
sured during corrosion testing at the active oxidation tem-
perature of SiC (about 2000° C.) between:

amaterial in accordance with the invention containing 50%
by volume HfB,, 25% by volume HfC, and 25% by volume
TaB,;

an ultra-refractory material containing a reference ZrB,—
SiC—Y,0; composition that withstands corrosion better
than the composition based on ZrB,—ZiC (20% by volume);
and

a thermostructural C/SiC composite material.

The table shows that the material of the invention performs
better than the C/SiC material and better than the reference
ultra-refractory material (ZrB,—20 vol % SiC—20 vol %
Y,0,).

Material Degradation rate (um - s™)
HfB,—25 vol % HfC—25 vol % TaB, 14£0.2
ZrB,—20 vol % SiC—3 vol % Y,0; 3.0x0.2
C/Sic 7.5£03

The invention claimed is:

1. A refractory material containing:

50% by volume HfB,;

25% by volume HfC; and

25% by volume TaB,.

2. A refractory part, the part being wherein it is constituted
by a refractory material according to claim 1.

3. A part comprising a substrate made up of a determined
material, said part being provided with a protective coating
for providing protection, the part being wherein said protec-
tive coating is constituted by a refractory material according
to claim 1.

4. The part according to claim 3, wherein the substrate is
made of a monolithic ceramic material based on silicon car-
bide or of a monolithic material based on carbon, or of a
ceramic matrix composite material comprising silicon car-
bide.

5. The part according to claim 3, wherein the substrate is
made of C/C composite material.

6. The part according to claim 5, further comprising a layer
of'silicon carbide close to the C/C composite material of the
substrate of said part and a layer of zirconium carbide or of
hafnium carbide interposed between the silicon carbide layer
and the protective coating.

7. A method of making a part out of refractory material, the
method comprising:

making a composition containing:

50% by volume HiB,;
25% by volume HfC;
25% by volume TaB,; and

shaping the composition and densifying said composition.

8. A method of making a protective layer on a part com-
prising a substrate made of a determined material, said
method comprising:

applying on the part a composition containing:

50% by volume H{B,;
25% by volume HfC;
25% by volume TaB,; and

densifying said composition.

9. The method according to claim 8, wherein the substrate
is made of monolithic ceramic material based on silicon car-
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bide, or on monolithic material based on carbon, or of ceramic
matrix composite material comprising silicon carbide.

10. The method according to claim 8, wherein the substrate
is made of C/C composite material.

11. The method according to claim 10, further comprising 5
forming a layer of silicon carbide close to the C/C composite
material of the substrate of said part and forming a layer of
zirconium carbide or of hafhium carbide interposed between
the layer of silicon carbide and the protective layer.
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